Background: There is wide recognition that the lack of health data interoperability has significant impacts. Traditionally, health data standards are complex and test-driven methods played important roles in achieving interoperability. The Health Level Seven International (HL7) standard Fast Healthcare Interoperability Resources (FHIR) may be a technical solution that aligns with policy, but systems need to be validated and tested.
Introduction

Lack of Health Interoperability
Despite the relatively rapid nationwide adoption of electronic health records (EHRs), the industry's ability to successfully exchange computable health data has not kept pace. A recent study found that less than 35% of providers report data exchange with other providers within the same organization or affiliated hospitals. The exchange of data across organizations is even more limited, with less than 14% of providers reporting they exchange data with providers in other organizations or unaffiliated hospitals [1] . Limited health data interoperability has significant impacts. As part of providing care for their patients, the typical primary care physician (PCP) coordinates care with 229 other physicians across 117 organizations [2] . Limited interoperability makes the already complicated problem of care coordination even more challenging. Currently, 40% of PCPs report that when they refer a patient to a specialist, they do not efficiently receive the outcomes of the visit, including cases where the patient's plan of care or active medications have changed [3] . The lack of interoperability leads to gaps in critical information at the point of care. This puts undue burden on patients who currently must fill those gaps in data and when those gaps remain unfilled, they can lead to significant safety issues. An inpatient study found that 18% of medical errors leading to adverse drug events could be traced back to missing data in the patient's medical record [4] . Finally, limited health care data interoperability has an immense cost. For example, West Health Institute, an independent, nonprofit medical research organization, estimates that the lack of medical device interoperability alone leads to over US $30 billion in wasteful spending each year. Beyond medical devices, the broader problem of limited health care data interoperability further contributes to an estimated US $700 billion in wasteful spending annually in health care [5] .
Improving Interoperability
As indicated by the JASON report [6] , the implications and benefits from a truly open digital health care architecture are wide ranging, from enabling individual patients to obtain, share, and authorize who can view their data, to population health analytics and research. Currently, data and exchange standards in health care do not adequately ensure out-of-the-box interoperability, chiefly due to the complexity and lack of identical interpretations of the published standards by health IT software developers. Rigorous testing and validation will help move the US health care system in the direction of open, accessible, patient-centric care.
To date, the health care community has produced and tolerated data standards that are complex, difficult to understand, and technically challenging to consistently implement and test. While well meaning, such standardization efforts have advanced interoperability only so far and, at the same time, stifled innovation due to high custom development and maintenance costs. In one such situation, MITRE has previously demonstrated in the domain of clinical quality measurement that a test-driven approach can successfully establish a framework for interoperability using national health care standards [7] . Similarly, AEGIS.net has successfully supported health information networks that focus on nationwide scale and standards adoption with its Developers Integration Lab cloud-based Test-Driven-Development (TDD) Test Platform [8] .
Health Level Seven International Fast Healthcare Interoperability Resources
The [10] . To facilitate this without regulation, a group of commercial health IT developers established the Argonaut Project. Argonauts have committed to promote health interoperability by using FHIR within the industry by defining implementation guides and profiles for read-only data access and document retrieval [11] .
Policy Context
In 2015, the ONC published the document, Connecting Health and Care for the Nation: A Shared Nationwide Interoperability Roadmap (the Roadmap) [12] . At a high level, the Roadmap expressed that interoperability needed to focus on three overall themes: (1) a supportive payment and regulatory environment, (2) policy and technical components, and (3) outcomes that could be measured and could impact individuals and providers. Section G of the Roadmap laid out the need for an industry-wide testing and certification infrastructure, stating that a "diverse and complementary set of testing and certification programs will need to be in place to achieve nationwide interoperability." Further, with respect to testing, the Roadmap indicated that "the health IT ecosystem will need to invest in more efficient ways to test health IT that is implemented and used among a diverse set of stakeholders."
The 21st Century Cures Act (the Cures Act), Public Law 114-255 [13] , was signed into law in late 2016. The Cures Act includes policies that impact everything from medical devices to precision medicine. In the context of health IT, it includes the most substantial update to the ONC's authority since the Health Information Technology for Economic and Clinical Health Act was passed in 2009. Specifically, the Cures Act includes a statutory definition for interoperability; it establishes a new federal advisory committee, the Health IT Advisory Committee, it requires the National Coordinator to amend the ONC Health IT Certification Program to adopt conditions of certification that are applicable to health IT developers, and it defines information blocking and the penalties associated with doing so.
Importantly, and relevant to this paper, the Cures Act includes two provisions within the conditions of certification related to APIs. First, it charges ONC to require that health IT developers publish APIs that can enable health information to be accessed, exchanged, and used "without special effort." Second, it charges ONC with requiring that health IT developers successfully test the real-world use of their certified technology for interoperability in the type of setting in which the technology is marketed. Taken together, these two statutory requirements signal a growing need for the industry to coalesce and invest in API-testing capacity.
Objectives
To meet the requirements expressed within the Cures Act, health IT developers need substantive tools to validate and test system conformity to the FHIR specification. [17] .
The objective of this research was to examine whether or not the use of validation and test tools, specifically Crucible and Touchstone, had any impact on vendor compliance with the FHIR specification and, by extension, interoperability.
Methods
Overview
Two independent projects-MITRE's Crucible project and AEGIS.net's Touchstone project-provide the capability to rigorously test servers against the FHIR specification. Such testing assures health IT developers and app developers that the standards have been consistently implemented and deployed. This kind of testing is essential to enable interoperable health IT solutions that can be used to deliver safer and more efficient health care. There are three ways that Crucible can be used to test server compliance:
MITRE Crucible Project
1. Server compliance tests may be manually run through the public instance of Crucible. 2. Server compliance tests of known servers are automated to run every 3 days through the public instance of Crucible. 3 . Server compliance tests may be run on private instances of Crucible behind a private firewall.
In our analysis, this paper examines test results from manual and automated tests run through the public instance. Only manually run tests are considered as an indicator of system usage. Tests run on private instances of Crucible are not included, as that data is not available to the researchers. 
AEGIS.net, Inc Touchstone Project
Data Collection
Data was collected for this study through the usage of the Crucible and Touchstone projects. During the study period, software developers executed tests using both projects either autonomously or as part of a FHIR Connectathon. Both projects automatically collected usage data on the tests that they execute. This included the following: which FHIR server was under test, the version of FHIR being tested, which tests were being executed and how those tests map to the FHIR specification, the results of each test (eg, pass, fail, skip), as well as step-by-step interactions between the testing system and the target FHIR server (eg, every HTTP request including headers and body and every HTTP response including headers and body), and detailed introspection and checks of those results.
Results
We wanted to know whether or not there was a relationship between testing and compliance. Therefore, we explored whether a statistically significant correlation could be found between the frequency with which vendors execute tests and their conformance with the FHIR specification. For this regression, servers were grouped together by vendor and as many vendors tested FHIR implementations using multiple servers. The number of manual tests executed was used as a measure of an organization's usage level. The number of distinct test suites supported (ie, tests successfully passed) across all the servers was used to measure vendor performance. This metric is a good approximation of the number of features a vendor has implemented successfully and completely.
The number of tests executed were log-normalized to reflect decreasing marginal returns. This is because the most complex test suites tend to be implemented by developers last and require more implementation hours and testing. Regressing log tests executed against the number of supported suites gives a statistically significant (P<.005, n=115) positive correlation between Crucible usage and vendor performance. In other words, using linear regression to predict vendor performance (ie, number of test suites passed), it was found that the number of tests executed (beta=.80, P<.005) was a significant predictor. The model fit was R-squared=.262.
A similar analysis for Touchstone shows a statistically significant (P<.005, n=70) positive correlation between Touchstone usage and vendor performance. In other words, using linear regression to predict vendor performance (ie, number of unique tests passed), it was found that the number of tests executed (beta=0.11, P<.005) were significant predictors. The model fit was R-squared=.883.
These simple regressions-plotted in Figure 1 in a linear scale and Figure 2 with a log scale-indicate that committed FHIR developers are gaining value from Crucible and Touchstone through repeated use of testing services and incremental improvements of their implementations. In other words, the classic adage "practice makes perfect" unsurprisingly proves true. Test-driven development (practice) leads to improved specification adherence (perfection). 
Discussion
Principal Findings
The results of our data analysis indicate that as the frequency of testing or number of tests increases, the performance of a server against those tests increases. This should not be surprising as software developers will address issues and fix defects in order to pass the tests, so long as they are discovering these issues and defects by repeated testing. Assuming the tests accurately and adequately cover the depth and breadth of the FHIR specification, then FHIR servers developed and tested using these tests in a test-driven manner should more accurately adhere to the FHIR specification. If compatibility with FHIR equates to health data interoperability, then it seems that fair and neutral testing is critical to achieving that goal. Of course, health data interoperability is vastly more complex than FHIR alone; other factors include, but are not limited to, clinical terminologies, security and trust frameworks, clinical workflow compatibility, and financial incentives. But the correct implementation of software that adheres to the FHIR specification is a good first step to exchanging data.
Tests Over Time
As shown in Figure 3 , Crucible has seen use since its launch, with a period of high usage during February 2016, corresponding with increased Argonaut testing and spikes in usage during HL7 Connectathons. Over its lifetime, Crucible has averaged just over 42 test executions per week with testing volume trending upward over time. Touchstone has also seen significant growth in use since its inception as FHIR has grown in popularity and importance. 
Tracking Vendors Over Time
Tests by Use Case
Tests by Version
FHIR is an evolving standard that has seen three major releases in the last 4 years and a dozen minor releases in the same time frame [9] . The topic of FHIR versioning has similarly evolved as various vendors begin to build and deploy production services. Only recently, after the study period, did HL7 add versioning information to the FHIR specification, at a maturity level of not applicable (N/A) and status of informative, meaning it is merely information and not rules to be followed [18, 19] . Currently, and during the study period, both Touchstone and Crucible examined the FHIR Server Capability Statement to determine the declared version of FHIR supported.
Crucible supports testing the last two major versions of FHIR, while Touchstone supports testing all point releases since FHIR 1.0. Figures 5 and 6 show the community shift from testing one version of FHIR to the next. Examining tests tagged with specific FHIR versions, we can see growth in testing usage throughout the lifetime of Touchstone. The dip in testing volume of FHIR 3.0.0 is indicative of the swift transition to FHIR 3.0.1.
Community Engagement
Beyond providing the tools themselves, the 
Argonaut
The Argonaut Project is a private sector initiative with the mission of advancing industry adoption of modern open interoperability standards. Its stated purpose is to "develop a first-generation FHIR-based API and Core Data Services specification to enable expanded information sharing for electronic health records and other health information technology using existing Internet standards and architectural patterns and styles" [11] . With Touchstone's and Crucible's missions to advance the adoption of the FHIR API, both teams collaborated with Argonaut vendors to develop a series of test suites to help them test their FHIR implementations. Crucible's test suite results show almost all Argonaut members failed these test suites initially. However, as shown in Table 2 , many of the members now support most of the test suites. This could be attributed to the high volume of testing that was performed on the Argonaut suites during the initial Argonauts implementation sprints.
Caveats
Electronic health records have structured and unstructured data. FHIR supports both of these data types: structured data using Resources and unstructured data using Binary and DocumentReference [20, 21] . Neither Crucible nor Touchstone test for clinical correctness; they focus purely on technical correctness. Achieving health data interoperability may also
